A series of rhodium(I)-1,2,3-triazol-5-ylidene (trz) complexes are described, containing either a novel triarylated trz ligand A′ (N1, N3-arylated, C4-ferrocenyl) {complexes 1, (7) in an NMR spectroscopic analysis method. The redox activity of A′ is exploited, and the chemically oxidized precursor Aox and complex 4ox are isolated. The mesoionic carbene complexes 1-3, as well as in situ oxidized 1ox, are used as homogeneous catalysts for the hydroformylation of 1-octene for the first time, and the influence of chemical oxidation of the catalyst on the activity and chemo-and regioselectivity of the catalyst precursor 1 is evaluated.
Introduction
The use of redox-switchable catalysts has become an increasingly popular strategy to improve both the activity and selectivity of selected homogeneous catalytic processes [1] Particularly, the incorporation of a redox-active functionality, such as ferrocene in close proximity to the active catalytic metal site in heterodimetallic complexes, has been shown to influence the ligand-based reactivity of the metal complexes to offer an additional handle on catalyst-ligand design and fine-tuning. [2] For the hydroformylation of olefins, numerous examples of rhodium(I)-based catalysts with a ferrocenyl ligand substituent have been reported; [3] however, the effect of the redox activity of these ferrocenyl substituents on the performance of the catalysts remains unexplored. Similarly, we have recently reported the syntheses of a range of rhodium(I)-ferrocenyl-Fischer-carbene catalyst precursors for the hydroformylation of 1-octene. [4] In an effort to maintain sufficient electron density on the rhodium(I) centre for maximum conversion of the terminal olefins, whereby the linear aldehydes are the preferred hydroformylation product for most applications, an increase in the n/iso ratio of the product aldehydes were targeted by modifying the electrophilic π-acceptor carbene ligands with an electron-donating ferrocenyl substituent. [5] The success of these results prompted us to prepare di-and triarylated 1,2,3-triazol-5-ylidene (trz) rhodium(I) complexes containing a ferrocenyl substituent on the C4 position of the triazol ring.
A subclass of the so-called abnormal N-heterocyclic carbenes (aNHCs) or mesoionic carbenes (MICs), 1,2,3-triazol-5-ylidenes, have been shown to be stronger donors than Nheterocyclic carbenes (NHCs), but weaker donors than imidazol-4-ylidene-based MICs. [6] This modular feature of these ligands, coupled with the redox activity of the ferrocenyl moiety, paves the way to tailoring catalyst performance (chemo-and regioselectivity as well as catalyst activity). The electrochemical behaviour and the effect of the chemical oxidation of the ferrocenyl moiety to an electron-withdrawing ferrocenium substituent on the catalyst precursor performance are also reported herein.
Results and Discussion

Synthesis and Characterization of Catalyst Precursors
The new triarylated ligand precursor 4-ferrocenyl-1,3-diaryl-1H-1,2,3-triazolium salt A [7] was prepared by cycloaddition of ethynylferrocene and 1,3-bis (2,6-diisopropylphenyl) triaz-1-ene (2, , according to an adapted literature procedure. [8] The diarylated, N3-alkylated salts, 4-Ar-1-Dipp-3-ethyl-1H-1,2,3-triazolium precursors B (Ar = Fc) and C (Ar = Ph) [7] were prepared according to a modified literature procedure[3e], [6b], [9] from their corresponding known triazoles.
[10] The rhodium complex 1 was prepared in a stepwise manner by generating the free 1,2,3-triazol-5-ylidene (A′; vide infra),[6b] obtained after deprotonation of the triazolium salt precursor A with potassium hexamethyldisilazide (KHMDS). Access to the free MIC is possible due to the enhanced kinetic stability afforded by the N3-aryl substituent, compared with the N3-alkylated triazolylidenes. [8] Addition of the free carbene to the metal precursor [Rh(cod)Cl]2 (cod = 1,5-cyclooctadiene; Scheme 1a), afforded 1 in 83 % yield. Complexes 2 and 3 were prepared in a one-pot synthetic route by in situ deprotonation of ligand precursors B and C, and coordination of the triazolylidenes B′ and C′, respectively, to [Rh(cod)(Cl)]2 (Scheme 1b). In the 1H NMR spectra of 1, the proximity of the ferrocenyl substituent to the RhI centre is demonstrated by the downfield shift (δ = 6.98 ppm) of the signal of the α-protons of the substituted cyclopentadienyl ring, compared with the chemical shift of the signal of the α-protons in the triazolium salt A (δ = 4.56 ppm; see Supporting Information). To a lesser extent, this steric crowding is also observed in 2 (δ = 5.85 for the α-H of Fe-Cp′ compared with δ = 4.91 for B). The donor properties of the MICs are reflected in the low-field shifts of the carbene resonances compared with those of [11] with the carbene carbon doublets observed at δ = 171.9 (1), 172.3 (2) and 173.2 ppm (3) having Rh-C coupling constants of J = 46.6, 47.1 and 47.3 Hz, respectively. The known electron-donating characteristics of the ferrocenyl substituent [12] are reflected in an upfield shift of ferrocenyl-substituted triazolylidene complexes (1, 2) , compared with the phenyl-substituted 3. [8] However, surprisingly, these triazolylidene-carbene resonances occur on the lower field end of the range of carbene chemical shifts reported for other neutral RhI-trz complexes (δ = 161-172 ppm). [6a] , [13] 13C NMR spectra were shifted upfield [δ = 165.8 (4) [14] of the dicarbonyl-trz-RhI complexes to investigate both the effect of the donating C4-ferrocenyl and N3-substituent [aryl (A′) vs. alkyl (B′, C′)], did not prove a sufficient probe for the evaluation of subtle ligand-substituent effects (i.e., N1, N3 and C4 substituents), [8] as TEPs calculated according to the linear regression model reported by Glorius et al. from the measured FT-IR spectra of 4-6, in all three cases, yielded a value of 2047 cm-1, [15] similar to those of other trz-Rh/Ir complexes. [6] To overcome the limitations of the TEP measurements, it was therefore decided to employ the 13C NMR spectroscopic method reported by Huynh et al., whereby a range of trans-[PdBr2(iPr2-bimy)(trz)] (iPr2-bimy = 1,3-diisopropylbenzimidazolin-2-ylidene) complexes have been previously evaluated using the carbene carbon resonance of the iPr2-bimy ligand as a sensitive probe to determine the donor strength of the trz ligands. [16] For this reason, the novel free trz ligand A′ was isolated, after deprotonation of A by KOtBu, and treated with the precursor [Pd(Br)2(iPr2-bimy)]2 to yield complex 7, [Pd(Br)2(iPr2-bimy)(A′)] (Scheme 2). Solid-state structures of both the free MIC A′ ( Figure 2 ) and complex 7 ( Figure 3 ) could be obtained after isolation of suitable single crystals for X-ray diffraction studies. The carbene carbon chemical shift of A′ is δ = 201.7 ppm in C6D6, comparable with triazolylidenes being either alkylated at N3 (ranging between δ = 198 and 202 ppm) or arylated at the N3 position (δ = 200-206 ppm). However, inspection of the carbene shifts of both coordinated A′ and the iPr2-bimy ligand in 7 provides information on the substituent effects of A′: in CDCl3, the MIC C-atom chemical shift of A′ is observed at δ = 162.2 ppm, more low-field than any of the previously evaluated N3-alkylated trz ligands (ranging from δ = 157.9 to 160.6 ppm). In addition, the iPr2-bimy NHC C-atom resonance is observed at δ = 179.5 ppm, more highfield than any previously reported for trz complexes (δ = 180.3-181.2 ppm), [16] thus confirming the weaker donor ability of N3-arylated, C4-ferrocenyl-substituted A′, with no significant electron donation from the proximal Fc group towards the trz ring. 
Electrochemical Investigation and Chemical Oxidation
The electrochemical properties of A, 1 and 4 were evaluated by cyclic voltammetry. The cyclic voltammogram (CV) of A ( Figure S27 ) shows two reversible redox processes, namely the reduction of the triazolium (ring N atom) and the oxidation of the ferrocenyl moiety at peak potentials of E°′ = -2.16 and 0.30 V, respectively (Table 1) . For 1 and 4, reversible oxidation of the ferrocenyl groups, and quasi-or irreversible oxidation waves related to the RhI/II and RhII/III couples are observed at higher potentials. The values obtained for 1 and 4 are summarised in Table 1 . In the case of 1, a two-electron oxidation of RhI to RhIII is observed at 608 mV (E°′ = 533 mV), while the CV of 4 shows two separate rhodium oxidation waves at higher potentials [Epa(RhI/II) = 568 mV, Epa(RhII/III) = 960 mV], due to the presence of the π-acidic carbonyl ligands in 4, compared with the cod ligand in 1. For the FeII/III redox couple of the ferrocenyl group, the electrostatic effect of the cationic triazolium salt results in a more positive potential of the ferrocenyl oxidation event in A (E°′ = 0.296 V) compared with the potentials of the ferrocenyl group oxidation in the rhodium complexes (E°′ = 0.029 V for 1, E°′ = 0.105 V for 4). The effect of the coligands [cod vs. (CO)2], is also reflected in a more positive oxidation potential for 4 than for 1. The reversibility of the FeII/III couple for all three compounds at room temperature, however, demonstrates the stability of the one-electron oxidation products of A, 1 and 4 on the CV timescale. This prompted the chemical oxidation of both the precursor salt and the rhodium complexes. The triazolium salt A was treated with 1.1 equiv. of the oxidizing agent AgPF6, and the resulting oxidized dicationic salt Aox was isolated (Scheme 3). Single crystals of Aox could be grown from a solution in dichloromethane, and the molecular structure is shown in Figure 2 (bottom). The elongation of the Fe-C(Cp) bonds (average 2.089 Å) of the ferrocenium moiety in Aox also contrasts with the shorter average Fe-C(Cp) bond lengths for A (2.046 Å) and A′ (2.042 Å), respectively. The bond lengths and angles of the triazol ring in A and Aox are very similar, and deviate, as expected, from the more acute N-Ccarbene-N angle of the free carbene [99.6(3)° for A′ compared with 106.00(19)° and 105.70(2)° for A and Aox, respectively) and the longer bonds observed for the triazol ring in A′.
[6b], [8] The radical dication Aox is 1H and 13C NMR spectroscopically silent, although an 19F NMR spectrum could be recorded ( Figure S26 ), showing the upfield shift of the PF6-counterion doublet resonance [δ = -85.07 (J = 969.1 Hz) for Aox vs. δ = -72.95 (J = 706.3 Hz) for A], with the accompanying increase in the coupling constant, as anticipated for the hexafluorophosphate group in a paramagnetic compound. [17] Deprotonation of Aox with KHMDS, followed by coordination to [Rh(cod)Cl]2 forms the radical cation 1ox in situ, and after ligand substitution of the cod with carbonyl ligands, the one-electron oxidation product [Rh(A′ox)Cl(CO)2]PF6 (4ox) could be isolated as a green-brown solid, stable to atmospheric conditions for up to 8 h. Direct oxidation of 4 with the halide-scavenging AgPF6 was not possible. However, the use of acetylferrocenium hexafluorophosphate ([AcFc]PF6, E°′ = 0.27 V in CH2Cl2), [18] proved a sufficiently strong oxidizing agent to chemically oxidize 1 to 1ox (not isolated), which could be treated with excess carbon monoxide to yield 4ox in an alternative preparatory route. Recording of NMR spectra for the paramagnetic 4ox was not possible, although the IR stretching frequency of the carbonyl ligands could be measured ( Figure S29 ). The higher-energy absorption bands (2082, 2009 cm-1) of 4ox resulted in a calculated TEP of 2057 cm-1. This shift of 10 cm-1 is consistent with the localization of the positive charge on the terminal ferrocenium group, and not on the RhI centre bonded directly to the carbonyl ligands. [19] However, the high-frequency TEP of 4ox unambiguously confirms the weaker donating ability of the oxidized trz ligand, as expected by the electron-withdrawing nature of the ferrocenium group (almost as electronwithdrawing as a CF3 substituent). [20] 
Hydroformylation of 1-Octene
The replacement of phosphine ligands by the more robust NHC ligands has become an increasingly favoured approach in the design of RhI hydroformylation catalysts, especially in the effort to preclude the addition of excess phosphines to the reaction mixture.
[21] As with their phosphine analogues, it can be shown that NHC ligands that are less electron-donating and sterically more demanding furnish Rh-NHC complexes favouring anti-Markovnikov addition of the substrate olefin to the Rh centre, leading to higher yields of the more desirable linear aldehyde products, compared with the internal alkenes and branched aldehydes of the isomerization products. [22] However, increased activity and chemoselectivity (aldehyde formation) is often forfeited at the cost of decreased regioselectivity (n-aldehyde formation), especially for aliphatic alkene substrates. As such, for RhI-NHC catalyst precursors, high turnover frequencies (TOFs) of 480-3540 h-1 are accompanied by low n/iso-aldehyde ratios (< 0.50), while regioselective catalyst precursors with n/iso ratios ranging from 16-27 demonstrated a significant loss in activity (TOFs ranging between 3 and 15 h-1). [23] Our idea was to exploit the steric bulk of the triarylated trz-ligand scaffold A′, and the significantly lesser electron-donating ability of the oxidized ferrocenium trz ligand (A′ox), as a strategy to increase the activity of the RhI catalyst, without concurrent loss in selectivity.
Complexes 1-3 and 1ox (generated in situ with the addition of the chemical oxidant [AcFc]PF6) were evaluated as catalyst precursors in the hydroformylation of 1-octene. The cod complexes were employed as catalyst precursors, as the first step in the hydroformylation catalytic cycle is the substitution of the cod moiety by carbonyl ligands. [24] The reaction conditions for 1 were optimized by variation of the syngas pressure (30-50 bar) , temperature (55-95 °C), reaction time (4-8 h) and catalyst loading (0.04-0.08 mol-%) (Table S1 ). Under the optimized conditions of 40 bar, 75 °C, 8 h and 0.08 mol-% catalyst loading, the catalyst precursors displayed good to excellent conversions (95.83-99.9 %) of 1-octene after 8 h ( Table 2) . A mercury drop-test was performed on catalyst 1 with no resulting significant change in either the conversion or selectivity of the catalyst, thereby indicating that a heterogeneous catalytic mode of action can be excluded.
[25] Additionally, the precursor triazolium salt A was shown to be catalytically inactive. For the neutral complexes 1-3, the more electron-deficient and sterically hindered 1 proved the most regioselective with an n/iso ratio of 2.43, but less active [TOF = 99.73(7.07) h-1 and 95.83 % conversion+ than the N3-alkylated 2 and 3 [n/iso = 1.79 and 1.75; conversions > 99.9 %; and TOF = 125. 20 and 116.83(5.20) h-1, respectively] . Precatalysts 2 and 3 displayed very similar behaviour, indicating in this case, the greater effect of N3-substitution than C4-substitution. The addition of the oxidant acetylferrocenium to generate 1ox in situ resulted in a significant change in the reactivity, compared with 1. As anticipated, better activity was achieved *conversion > 99.9 %; TOF = 118.95(3.67) h-1], as well as increased chemoselectivity *76.13(2.35) % aldehyde yield+. Surprisingly, however, the regioselectivity resulting from the sterically more demanding triarylated trz ligand was not retained, with an n/iso-aldehyde ratio of 1.60, which was significantly reduced, compared with 1. aReactions were carried out with CO/H2 (1:1) at 40 bar, 75 °C in toluene (5 mL) with 6.37 mmol of 1-octene and 0.0078 mmol of Rh catalyst (0.08 mol-% catalyst loading). After 8 h, the GC conversions were obtained using n-decane as an internal standard in relation to authentic standard internal isooctene and aldehyde standards. Reactions were performed in triplicate, and the standard deviations are given in parentheses for all results.
b1ox was generated in situ by the addition of 0.0086 mmol of [AcFc]PF6 to 0.0078 mmol of 1.
cSingle catalytic run. dTOF = (mol aldehyde/mol cat.) h-1.
Conclusion
The isolation and characterization of a new triarylated mesoionic carbene A′ with a C4-ferrocenyl group was achieved, and the use of the 13C NMR spectroscopic probe carbene to evaluate the chemical shift of the complex [Pd(iPr2-bimy)(Br)2(A′)] (7) confirmed the weaker donating ability of this trz ligand, compared with known N3-alkylated triazolylidenes. RhI-cod and dicarbonyl complexes 1-6 featuring A′, and the related N3-alkylated B′ and C′ trz ligands, were prepared, and their steric and electronic properties were compared. The reversibility of the FeII/III couple of the ferrocenyl moiety in A, 1 and 4 leads to the chemical oxidation of these compounds in an attempt to further decrease the electron-donating ability of A′. The use of either AgPF6 or [AcFc]PF6 as oxidant resulted in the isolation of the dicationic ferrocenium triazolium salt Aox and the radical cation 4ox, for which the high-frequency TEP confirmed the electron-withdrawing effect of the ferrocenium substituent. The complexes 1-3 and 1ox were screened as catalyst precursors for the hydroformylation of 1-octene. Excellent conversion of the substrate olefin was observed, with turnover frequencies and chemo-and regioselectivities toward linear aldehydes comparable with some of the best results reported for earlier Rh-nNHC complexes. The approach of using the redox activity of the Fc substituent to significantly improve the catalyst performance as a redox-switchable catalyst, as demonstrated for related AuIferrocenyl-triazolylidene complexes,[2e] proved only partially successful. Although an improvement in the activity and chemoselectivity followed the addition of oxidant to the precursor catalyst 1, a significant reduction in the regioselectivity was observed. Undoubtedly, both steric and electronic effects play a role with regards to the catalyst performance, although the contributions of each cannot be unambiguously separated.
Experimental Section
General: All air-and moisture-sensitive synthetic procedures were performed under N2 (g) or Ar(g) using standard Schlenk techniques. All solvents were purified and distilled from Na(s) (hexane, diethyl ether, benzene and THF) or CaH2 (dichloromethane and acetonitrile) under N2(g). Ethynylferrocene, [26] 1,3-bis(2,6-diisopropylphenyl)triaz-1-ene (triazene), [27] tert-butyl hypochlorite, [28] di-µ-chloridobis*η2,η2-1,5-cyclooctadiene]dirhodium(I), [29] triethyloxonium tetrafluoroborate, [30] and acetylferrocenium hexafluorophosphate [31] were synthesized according to previously reported literature methods. All other reagents were commercially available and used without any purification thereof. 
Preparation of Complexes 2 and 3:
The appropriate triazolium salt B or C (0.75 mmol) was weighed, along with excess KN(SiMe3)2 (0.16 g, 0.83 mmol) and [Rh(cod)Cl]2 (0.18 g, 0.38 mmol, 0.5 equiv.) in a Schlenk tube purged with argon gas. The solid mixture was cooled down to -78 °C, and cooled THF (ca. 10 mL) was added. The reaction mixture was stirred overnight, while warming up to room temperature. The solvent was evaporated under reduced pressure. Following extraction with anhydrous toluene and washing with hexane, complex 2 was afforded as an orange powder and complex 3 as a yellow powder. 
Preparation of Complexes 4-6:
The appropriate (1,2,3-triazol-5-ylidene)chlorido(η4-1,5-cyclooctadiene) complex (1: 0.61 mmol; 2: 0.15 mmol; 3: 0.08 mmol) was dissolved in CH2Cl2 (10 mL), and gaseous CO was passed through the solution for 10-20 min. The solvent was evaporated, and the residue was washed with hexane. The solid was dried overnight, affording 4 and 5 as orange powders and 6 as a light-yellow powder. 
Electrochemistry:
The CVs at a glassy carbon electrode in CH2Cl2 were recorded using a three-electrode cell. The reference electrode was a non-aqueous Ag/Ag+ electrode, separated by the test solution by a frit with fine porosity. A glassy carbon disc (3.0 mm diameter) was the working electrode, and the counter electrode was a platinum wire. Measurements were done with a Metrohm µAutolab type III potentiostat, using NOVA 2.0 electrochemistry software at scan rates of 100 mV s-1. The test compound (1.0 mm) and the internal standard *Fe(η5-C5Me5)2] (1.0 mm) were added to a deoxygenated solution of Catalysis: All hydroformylation reactions were conducted in triplicate in a 90 mL stainlesssteel pipe reactor, to which the catalyst precursor (1-3) (5.74 × 10-3 mmol), substrate 1-octene (0.805 g, 7. 175 mmol) and internal standard n-decane (0.204 g, 1.435 mmol) were added and dissolved in toluene (5 mL). The airtight reactor was purged with nitrogen (three times) then purged with syngas (CO/H2, 1:1) (twice), after which it was pressurized with syngas to the desired pressure and heated to the required temperature. When the reaction time was reached, the reactor was depressurized and cooled to room temperature. The samples were analysed by gas chromatography, and the products were confirmed against authentic iso-octene and aldehyde standards. Optimization of reaction conditions was done for catalyst precursor 1, by varying of the syngas pressure (30-50 bar) , temperature (55-75 °C) and reaction time (4-8 h) . The reactivity of the oxidized compound 1ox was evaluated by the addition of an oxidant (acetylferrocenium hexafluorophosphate) as an additive to 1.
